The intensity of "tuberization stimulus" in potato shoots (Solanum tuberosum L.) can be assessed from cuttings containing one or more leaves. Cuttings maintained in a mist chamber under long days wil form tubers from underground buds If prior to taking the cutting the leaves received sufficient exposure to photoperiods less than the critical photoperiod. The greatest tendency to tuberize was found in cuttings that consisted of a single, fully expanded leaf and its subtended bud. Grafts showed that genetical differences in critical photoperiod resided in properties of the leaf. Short days before cutking tended to shift growth from above ground buds of two-node cuttings to below ground buds, even if the number of short days was insufficient for tuber induction. As few as 6 short days reduced growth of shoots at the upper bud and increased underground growth of shoots and stolons.
however, and this trait can be accentuated by breeding (9, 21) . In addition to short days, the tuberization stimulus is favored by cool temperatures (3, 11, 22, 24) , by low rather than high rates of N fertilization (24) , and by "physiologically old" mother tubers (15, 18) .
Grafting experiments (5, 10) , especially the demonstration that even a small piece of stem from an induced plant is capable of transmitting the tuberization stimulus (14) , suggest that the stimulus is hormonal in nature. The exact identity of the hormone(s), although extensively investigated, has yet to be established.
In this paper we report on the relationships between the exposure of potato foliage to particular photoperiods, the genetically determined CPP, and the levels of tuberization stimulus as reflected by tuberization of cuttings. We show that the CPP characteristic of a given clone is a function of properties of the leaf, not of the underground growing point; and we present evidence that short days shift growth from above ground to below ground buds, even if the number of short days is insufficient for tuber induction. Although potato tubers ordinarily form on underground stolons, every axillary bud on a potato stem has the potential to develop a tuber. Nearly a century ago, Vochting (23) demonstrated that sessile tubers developed at the covered nodes when cut pieces of stem were inserted into soil. He also showed that tuber formation was promoted by darkness and moisture. Recent evidence (16, 17) suggests that elevated CO2 levels may also favor tuberization at below ground rather than above ground buds. However, tubers do not always develop even from underground buds of cuttings. As with whole plants, tuberization of cuttings is apparently controlled by an unknown "tuberization stimulus" (5, 10, 19) . When the stimulus is absent or weak, there is no tuberization. When the stimulus is very strong, especially when there is interference with its transport to underground growing points, tubers may develop in the light (10, 23) . This parallels the formation of "aerial tubers" commonly seen on plants in the field when injury or disease interferes with translocation.
The tuberization stimulus is favored by photoperiods shorter (8) than a critical photoperiod, the length of which varies with genotype (13, 15 MATERIALS AND METHODS Clones. Potato ( Solanum tuberosum L., Group Andigena) clones used in this study were obtained through the Cornell University program to select from an Andigena population lines that have Tuberosum-like characteristics (6) . Andigena accessions were screened to obtain three clones with CPP of approximately 12 to 13 hr. Populations of "Neo-Tuberosum" (9) were examined to find clones with CPP in excess of 20 hr. Andigena populations segregating for CPP were utilized to obtain matched pairs of sibling clones for five replications of the experiment summarized in Table I In the experiment summarized in Table III, stem sections containing the fifth and sixth nodes were cut 6 days, 3 days, or immediately after exposing plants to 14 8-hr days. A fourth treatment received continuous 20-hr days. In half of the cuttings from each of these four treatments, the upper bud of the cutting was excised before placing the cutting in the mist chamber.
The plotting medium was composed of equal volumes of coarse sand and peat. A compost made of Vermiculite, sand, and peat plus appropriate fertilizers (4) was substituted in some replications of several experiments and appeared to give the same results as did sand and peat. Cuttings were maintained under automatically controlled mist nozzels on a sand bed with heating cables. The photoperiod over the mist bench was 20 hr in all experiments, and the air temperature was about 25 C during the day and 15 C at night. Cuttings were removed and examined after 10 to 14 days on the mist bench.
Grafts. Stems were cut at right angles to the main axis, pieces to be grafted were butted together, and the union was wrapped in Parafilm. Grafted cuttings were inserted into potting medium and maintained in the mist chamber as described for other cuttings. The tendency for inducing conditions to shift growth from above ground to below ground buds could be observed most readily with two-node, subapical cuttings. Figure I (Fig. ID) 10 days in a mist chamber. The lower leaf is excised, and the subtended bud of the excised leaf is inserted into a potting medium. A-D represent increasing intensity of "induction" by exposure of the plants to short days before cuttings were taken. Note small tuber at end of stolon in C and sessile tuber in D. Figure 2 . The total fresh weight of upper plus lower buds remained approximately constant, but 6 short days significantly decreased growth above ground and increased growth under the soil (Fig. 2A) . Elongation of the buds was closely related to fresh weight (Fig. 2B) .
RESULTS
The experiments with two-node cuttings indicated an interdependence between the effects of induction at the two nodes. It was therefore of interest to see whether excision of the upper bud at the time of taking the cutting would affect the response to induction. We also wanted to test whether failure to take cuttings immediately after exposure to short days would affect the outcome. There was no detectable difference whether cuttings were made immediately at the end of the 14 8-hr days or after either 3 or 6 20-hr days had elapsed, and data from the three treatments receiving 8-hr days were therefore pooled for comparison with the long day treatment. There was no effect of upper bud excision on tuberization (Table III) was exposed to 10 8-hr days before removal of the leaf. All axillary bud tissue was excised from the base of the petiole at time of cutting. The underground portion of the petiole enlarged in spite of the absence of a bud. Such enlargements occurred only on cuttings from plants exposed to 8-hr days, never on leaves from plants exposed to 20-hr days.
DISCUSSION
Various observations on whole potato plants suggest that there is an antagonism between shoot growth and tuberization. Thus high soil N levels and gibberellin, which promote shoot growth, tend to reduce tuber growth, while treatments which inhibit or reduce shoot growth, such as treatment with chlorocholine chloride, promote growth of the tubers. Biran et al (1) proposed that short days promote the formation of tuberous roots in dahlia through inhibition of top growth and consequent diversion of assimilates to the root. The implication of their hypothesis is that daylength controls tuberization only if an alternate "sink" is present. This is not the case in potato. Whereas single leaf cuttings of dahlia tuberize regardless of photoperiod (2) , single node cuttings of potato-like whole plants-tuberized only after exposure to days shorter than the CPP (Table I ). The response to photoperiod occurred in cuttings from fully expanded leaves that had no buds except the one at which the tuber developed. with excised upper buds (Table III) .
Through the use of cuttings, we have been able to identify seedlings with very long CPP. Figure 3 shows plants of a clone obtained from an examination of 244 Neo-Tuberosum seedlings. So prone were the cuttings from this clone to tuberize that it was difficult to keep the clone alive, even when grown under 20-hr photoperiods. Cuttings tuberized strongly and failed to root unless all buds below the soil surface were excised. Even then, foliage growth was poor unless the photoperiod was long and unless aerial stolons and tubers were excised as they formed in axillary buds. Two-node subapical cuttings were taken from the NeoTuberosum clone shown in Figure 3 and from an Andigena clone which had a CPP of less than 13 hr. All plants from which cuttings were taken had been grown under 20-hr photoperiods. The lower leaf of each cutting was excised, and reciprocal grafts were made between the two types. Cuttings were kept in a mist chamber with 20-hr days. When the leaf (scion) was from the long CPP clone, tubers formed at the underground bud of the stock (Fig. 4A) . The reciprocal graft produced no tubers (Fig.  4B) , showing that long CPP is a property of the leaf, not of the receptor bud. We repeated this experiment with similar results.
Plants that, like the one in Figure 3 , are very strongly induced frequently develop swellings at the base of the petiole or in the adjacent stem, especially if the axillary bud has been excised. Swellings are especially common in the underground parts of cuttings taken from strongly induced plants. Figure 5 shows (Ewing, unpublished data). Excision of the above ground bud on two-node cuttings had no effect on tuberization of the underground bud (Table III) . These results indicate that competition for assimilates is not the primary factor controlling potato tuber initiation.
The CPP controlling tuberization of whole plants varies greatly with genotype, and tuberization of cuttings follows the same pattern. Whether based upon tuberization of whole plants or cuttings, some genotypes require dark periods in excess of 11 hr, and others tuberize even when grown under constant illumination (Lazin and Ewing, unpublished data). One might assume that a clone of very long CPP has the ability to initiate tubers when grown under long days because it has the capacity to form much more of the tuberization stimulus under these conditions than do other clones. An alternative hypothesis would be that the receptor buds tuberize in a response to a very low (or zero) level of the stimulus. The results of the grafting experiment were consistent with the first of these hypotheses. That is, genetical differences in CPP apparently were associated with properties of the leaf rather than with properties of the receptor bud.
Chapman (5) concluded that the stimulus for tuberization was produced in the terminal leaf cluster (leaves less than 5 cm long). Hammes and Beyers (12) found that the photoperiodic stimulus was perceived by old leaves as well as young leaves. Whatever its origin, the tuberization stimulus is present in all mature leaves of induced plants. Even cuttings made from a leaf that is starting to senesce will tuberize (Ewing, unpublished data) .
The ability of a cutting to form tubers is relatively independent of size of plant from which the cutting is taken (7) . This suggests that cuttings could be employed in many types of potato research to indicate the intensity of the tuberization stimulus. The most obvious example would be in plant-breeding programs where it is desired to screen seedlings for ability to tuberize under various daylength and/or temperature regimes. Detailed procedures for such screening are described elsewhere (7) . High levels of the tuberization stimulus seem to promote tuberlike swelling of succulent tissues that do not contain apical meristem and that therefore lack the capacity to develop into true tubers. Like tuberization, such swelling is dependent upon exposure to photoperiods shorter than the CPP; and it appears to be favored by dark, moist conditions. The stimulation found in growth of the lower bud was at the expense of the growth of above ground axillary buds. However, the growth of the lower bud cannot be explained solely as a byproduct of the breaking of apical dominance. The excision of the upper bud did not eliminate the underground growth response to short days, and the response was also observed in single node cuttings. As few as 6 short days were sufficient to produce the shift from above ground to below ground growth.
If "weak induction" (limited exposure to days shorter than the CPP) stimulates growth of shoots and stolons at the underground bud, and if "strong induction" (more short days) stimulates growth of tubers, does this suggest that the stimuli of the two types of growth are basically the same, except in intensity? ( We use "intensity" to include the concept of a ratio of concentrations among two or more factors as well as concentrationsper se.) Alternatively, do short days trigger two different stimuli, such as a rather nonspecific promoter of growth that responds to weak induction, and in response to stronger induction a more specific inhibitor of apical meristem growth that might change the plane of cell divisions to produce tubers? Favoring the second hypothesis is the common observation that clones grown under daylengths slightly shorter than their CPP will produce prolific numbers of stolons without tuberization. Definitive evidence is not available for choosing between these alternatives.
